In recent years, scientific and public concern about polychlorinated biphenyls (PCBs) have increased with each passing day, because of their widespread distribution, environmental persistence, tendency to bioaccumulate, and potential health effects. 1, 2 Polychlorinated biphenyls (PCBs) have been used in industry as heat-exchange fluids, in electric transformers and capacitors as well as additives in pesticides, paint, carbonless copy paper, sealants or plastics. 3 Their presence has been confirmed in a variety of worldwide matrices, such as water in the different physical states, soil and sediments, and mammal tissues. 4, 5 On the other hand, PCBs adverse effects, such as cancer, immunotoxicity, neurotoxicity and endocrine disruption have also been reported. 6, 7 Since the physicochemical characteristics of these compounds together with their indiscriminate use in the past have led to a risk of direct environmental contamination, 5 the use of PCBs has been banned in industrialized countries since the late 1970s. To monitor its overall occurrence and distribution, besides PCB30, PCB73, PCB155, PCB204, etc., seven marker PCBs that are known as ICES7 (International Council for the Exploration of the Sea: PCB28, PCB52, PCB101, PCB118, PCB138, PCB153, PCB180), 2, [8] [9] [10] [11] have increasingly become recommended for environmental monitoring, because this group of PCBs contributes largely to the total amount found in most environmental samples. 2 Recently, spatial monitoring of PCBs in marine bivalves has been reported in several bays and estuaries from the coast of China, 12, 13 but there have been few surveys involving temporal monitoring. 14 In consequence, improved and powerful analytical methodologies need to be available in order to detect PCBs and to measure their concentration. From another point of view, to study the levels of these compounds in water and soil is of interest, since it is currently applied in monitoring for environmental contamination. 15 The analysis of PCBs in environmental samples usually involves extraction of the analytes from the matrix, subsequent clean up of the extracts, and final chromatographic analysis. Soxhlet extraction (SE), 16 accelerated solvent extraction (ASE), 17 stir bar sorptive extraction (SBSE), 18 solid phase extraction (SPE) 19 and matrix solid phase dispersion (MSPD) 20 have been applied as extraction techniques in trace analysis. Though these established extraction and clean-up methods are effective, they are either time consuming or use hazardous chemicals or require expensive apparatus and consumables. 21 Recently, based on the SPE technique, more popular cleanup methods, i.e., dispersive solid-phase extraction (dSPE)/QuEChERS (quick, easy, cheap, effective, rugged and safe) method, which is much easier than SPE and MSPD because analytes are extracted by mixing the sample solution with an sorbent, rather than passing it through an SPE column, has been validated for the extraction of PCBs from various types of food matrix. [22] [23] [24] [25] These extracts can be A new method has been developed and validated for the simultaneous analysis of 11 polychlorinated biphenyls (PCBs), in water samples at trace levels by gas chromatography coupled to triple quadrupole mass spectrometry (GC-QqQ-MS/MS). Water samples were extracted by the QuEChERS (Quick Easy Cheap Effective Rugged and Safe) method. The QqQ analyzer acquired data in multiple reactions monitoring (MRM), permitting both quantification and confirmation in a single injection with a running time reduced up to 11.0 min. The effect of matrix interferences in extracts on analyte quantification and the identification of PCBs in water samples was deeply studied. The results showed that PCBs were prone to strong matrix interactions in water samples, and the quantification and identification of PCBs were highly affected by a matrix enhancement effect. To evaluate the performance of the method, validation experiments were carried out on water samples at three spiking levels (1. analyzed using liquid chromatography (LC) and gas chromatography (GC) procedures. [26] [27] [28] [29] [30] [31] [32] [33] However, to the knowledge of this author, there was neither a detailed specification nor discussion on detecting PCBs from water samples by using the QuEChERS method described in literature. In this work, a method for the simultaneous analysis of PCBs in water samples with QuEChERS extraction has been developed.
Gas chromatography (GC) coupled to electron capture detection (ECD) is widely used in pesticide residue and PCB analysis. 7, [34] [35] [36] However, triple quadrupole mass spectrometry (MS/MS) is currently one of the most powerful tools in the simultaneous quantification-confirmation of organic compounds, because of its high selectivity and sensitivity, according to the analyzer. 20 A remarkable advantage of triple quadrupoles, in comparison with previously used ion traps, [37] [38] [39] is the possibility of operating in the multiple reaction monitoring mode (MRM), which is a faster scan mode than the product ion scan available on ion traps. The high selectivity and sensitivity of the QqQ analyzer also allows simplification of a sample pretreatment by reducing, or even removing, the clean up stage. 40 Although considered as one of the most powerful techniques, there are not many references in the literature concerning the use of gas chromatography-triple quadrupole tandem mass spectrometry in the analysis of PCBs. In a recent paper, Plaza Bolaños et al., demonstrated a new multiresidue method for the simultaneous analysis of PCBs in eggs at trace levels by GC coupled to triple quadrupole mass spectrometry (GC-QqQ-MS/MS). 20 The main objective of the present work was, on the one hand, the development, validation and application of a method for PCBs analysis in water samples based on a clean-up step by QuEChERS prior to their determination by GC-QqQ-MS/MS. On the other hand, this work intends to evaluate the effect of matrix interferences in extracts on the analyte quantification and identification of PCBs. The developed methodology is adequate to determine PCBs in water samples due to the effectiveness of the extraction procedure and the fast chromatographic analysis (less than 11.0 min), providing adequate performance characteristics.
Experimental

Chemicals and reagents
Acetonitrile (HPLC-grade), n-hexane (HPLC-grade) were purchased from TEDIA (Ohio, USA). Agilent SampliQ QuEChERs kits were purchased from Agilent, including disodium hydrogen citrate sesquehydrate, trisodium citrate dihydrate, anhydrous magnesium sulfate, sodium chloride, and PSA adsorbents.
PCBs congeners (PCB28, PCB30, PCB52, PCB73, PCB101, PCB118, PCB138, PCB153, PCB155, PCB180 and PCB204) were purchased from Restek (Bellefonte, USA) as analytical standards. All of the compounds were acquired with the highest purity available. Stock standard solutions of individual PCBs with a concentration of 100.0 μg mL -1 were prepared by exact weighing of the powder and dissolution in 10 mL of n-hexane, which were then stored in a freezer at -20 C. Working standard solutions of multi compounds with concentration 1000 μg L -1 were prepared by appropriate dilutions of the stock solutions with n-hexane, and stored in a refrigerator at 4 C. From this solution, dilute standards were made, and water samples were spiked to the required concentration. Water was distilled and deionized.
Apparatus
A vortex mixer Hualida WH-866 (Taicang, China) and bench top centrifuge capable of producing 5000g Heraeus Legend RT (Hanau, Germany) were used during extraction.
GC-QqQ-MS/MS analysis was performed with a GC system Agilent 7890A (Palo Alto, CA) equipped with a 7693 autosampler and split/splitless injector with electronic pressure control.
An Agilent 7000B triple quadrupole mass spectrometer was coupled to a gas chromatograph (mass range from m/z 10 to 1050). An Agilent HP-5MS capillary column (30 m × 0.25 mm i.d. × 0.25 μm film thickness) was used. The instrument data system also held an electron ionization (EI)-MS/MS library, especially created for the target analytes under our experimental conditions. The mass spectrometer scale was weekly calibrated with perfluorotributylamine.
Agilent MassHunter Date Acquisition Software (Ver. B.04.00) was used for instrument control and date acquisition; MassHunter Workstation Software (Ver. B.03.01) was used for data analysis.
Water samples
The water samples used in this study were obtained from a municipal water supplier, collected before (5 samples) and after (5 samples) the water treatment plant (WTP), as well as 5 commercial drinking-water samples acquired on the local market.
Sampling was carried out using 250 mL dark glass bottles with Teflon stoppers, completely filled and kept refrigerated in the dark until analysis. Whenever possible, analyses were performed on the sampling day. Samples were analyzed in duplicate without filtration.
Sample extraction and clean up
A 10.0-mL water sample was placed in a polypropylene centrifuge tube (50.0 mL). Later, 15.0 mL of acetonitrile was added, and the mixture shaken vigorously on a laboratory shaker for 1.0 min. Further, 0.5 g of disodium hydrogen citrate sesquehydrate, 1.0 g of trisodium citrate dihydrate, 4.0 g of anhydrous magnesium sulfate, and 1.0 g of sodium chloride were added; the mixture was immediately hand-shaken for 1.0 min, then centrifuged at 6500 rpm for 5.0 min. Afterwards, a 12.5-mL aliquot of the supernatant was transferred to a polypropylene centrifuge tube (15.0 mL) containing 0.95 g anhydrous magnesium sulfate and 0.125 g PSA. The tube was vortexed for 0.5 min and centrifuged at 6500 rpm for 5.0 min. A 10.0-mL aliquot of the supernatant was transferred into a glass test tube, and then the extract was evaporated to near dryness under a stream of nitrogen, and the residue was re-dissolved in 1.0 mL n-hexane prior to its injection into the GC-MS/MS system.
GC-QqQ-MS/MS analysis
Two microliters of the final extract were injected into the chromatographic system. The temperature of the injector was set at 260 C. The splitless mode was activated from 0.75 min. The initial temperature of the column oven was 70 C (hold for 3.5 min). This temperature was increased at a rate of 50 C min -1 up to 180 C; next, the temperature was increased up to 280 C (hold for 5 min) at a rate of 30 C min -1 . Helium (99.999%) at a constant flow rate of 1 mL min -1 was used as a carrier gas; nitrogen (99.999%) at a pressure in the range of 7.31 -7.35 mTorr was used as the collision gas. The running time was of 14.03 min, divided into seven segments. The QqQ mass spectrometer was operated in EI at 70 eV in the multiple reaction monitoring (MRM) mode. The transfer line, manifold and ionization source temperatures were set at 280, 40 and 280 C, respectively. A filament multiplier delay of 3.75 min was fixed in order to prevent instrument damage. The electron multiplier voltage was set at 1640 V (+200 V offset above the auto-tuning process).
Calibration curves
Three calibration curves were prepared for evaluating the effect of matrix interferences in extracts on analyte quantification and identification of PCBs.
Calibration curves (a), calibration standards in solvents were prepared by adding 5, 10, 20, 50 μL of working standard (100 μg L Calibration curves (b), i.e., matrix-matched calibration standards without cleanup, calibration standards in a blank matrix of water (commercial drinking water) being analyzed, were prepared in the same manner as described in the section of Calibration curves (a), replacing n-hexane with a blank extract.
Calibration curves (c), i.e., matrix-matched calibration standards with cleanup, calibration standards were spiked at 0.5, 1.0, 2.0, 5.0, 10.0, 20.0 and 50.0 μg L -1 levels for all 11 PCBs in n-hexane to 10 mL commercial drinking water and prepared according to the proposed QuEChERS procedure described in the section of Sample extraction and clean up.
Method performance
The linearity of the calibration curves was evaluated at a concentration range of between 0.50 and 50.0 μg L -1 using seven calibration solutions. Calculations were performed using the peak areas. The calibration curves were constructed without including the origin point. The accuracy and precision of the method were assessed using PCBs-free water spiked with all 11 PCBs. Recoveries were determined for ten replicates at three spiking concentrations (1.6, 8.0 and 40.0 μg L -1 ). The recovery values and the relative standard deviations (RSD) were calculated for each level. The limit of detection (LOD) was calculated as three-times the standard deviation of the absolute recovery at the lowest spiking level for which validation was achieved. The limit of quantification (LOQ) was calculated as 3.3-times the LOD.
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Results and Discussion
Optimization of GC-MS/MS conditions
Coupled with the QqQ analyzers, the chromatographic separation is not a critical stage in the development of a multiresidue method because of the possibility of monitoring co-eluted compounds in MRM (Fig. 1) .
In order to optimize the triple quadrupole MS/MS conditions, relevant consideration included the choices of precursor ions, product ions, and optimization of the collision energies for the best response. These were requird for each target compound in order to conduct analyses. After obtaining full scan spectra, the precursor ion for every analyte was selected, then subjected to collision energy voltages (potential on second quadrupole) to generate MS/MS product ions; in this work, collision energies (CEs) from 15 to 50 eV were applied ( Table 1 ). The final purpose was to develop a MRM method with two or three reactions or transitions per-compound.
Morever, the sensitivity and peak shapes were highly related to the scan time, dwell time, scan rate and the number of monitored transitions. 20, 40 In order to obtain good sensitivity and well-shaped chromatographic peaks, the dwell time was adjusted so that the number of cycles per second was 3.3 throughout the chromatographic run, providing a sufficient number of chromatographic points for all compounds; the scan times are listed in Table 1 . While each scan time was fixed, the signal, and thus the sensitivity, should decrease the more MRM transitions are measured in a particular time-window. Obviously, for each analyte to have its own retention time-window would be impracticable in multi-residue analysis. Therefore, after a thorough examination of the distribution of peaks on the chromatogram, the chromatogram was divided into 7 retention time-windows, where no more than 6 MRM transitions were entered into any one of them. The final MS/MS conditions used in this study were detailed in Table 1 .
Specificity
According to the European Commission Decision 2002/657/EC, 43 which introduced the concept of identification points (IPs) for the confirmation stage, the confirmation of PCBs involved the monitoring of a minimum of 3 IPs. The number of IPs depends on the spectrometric technique used. In the case of low resolution mass spectrometry (LR-MS n ), such as QqQ-MS, this document sets a minimum of 3 IPs for the confirmation of PCBs. In this work, the analysis of the target compounds involved the monitoring of three product ions, which resulted in 5.5 IPs, except for PCB28 and PCB118 with two product ions, which resulted in 4 IPs. Therefore, the MRM method permitted was to obtain from 4 to 5.5 IPs, according to the aforementioned regulation. The results were given in the Table 1 , and the spectra of PCB180 in the multiple reaction monitoring (MRM) mode is shown in Fig. 2 . This phenomenon was also observed in the cases of the other 10 PCBs besides PCB28 and PCB118, which involved the monitoring of two product ions resulting in 4 IPs.
Method validation
One of the main problems in the trace analysis of complex matrices is the suppression/enhancement matrix effect. The presence of matrix interferences in extracts can adversely affect analyte quantification and identification. In order to evaluate the effect of matrix interferences in extracts on analyte quantification, and the identification of PCBs in water samples (commercial drinking water), in this work three different kinds of calibration curves were prepared, as described in the Calibration curves. They were used for evaluating the accuracy and precision by injecting ten replicate blank samples spiked at three levels of concentration: 1.6, 8.0 and 40.0 μg L -1 . For calibration curves (a), calibration standards were prepared in each solvent, which involved the matrix effect on analyte quantification and identification. The recoveries were in the range of 131 -272% at 1.6 μg L -1 , 142 -218% at 8.0 μg L -1 and 184 -284% at 40.0 μg L -1 . The precision was expressed as the relative standard deviation (RSD). The RSD values obtained were lower than 20% at all levels. Thus, during analyses of PCBs in water samples, the enhancement matrix effect was obviously proved.
In order to avoid the enhancement matrix effect, matrix-matched standard calibration without cleanup was used for quantification purposes, and though the RSD values obtained were lower than 20% at all levels, the recoveries were in the range of 56 -72% at 1.6 μg L -1 , 58 -69% at 8.0 μg L -1 and 66 -83% at 40.0 μg L -1 . In the case of calibration curves (b) being used, though the enhancement matrix effect was successfully avoided, the recoveries of PCBs in water samples 
were so low that it could not meet the requirement of quantification.
Therefore, both the enhancement matrix effect and satisfactory recovery rates for the analytes of concern had been considered; calibration curves (c) whose calibraion standards were prepared in the same manner as spike samples had been developed. Also, the results were given in Table 2. According to Table 2 , it can be seen that the recoveries were in the range of 95 -109% at 1.6 μg L -1 , 90 -95% at 8.0 μg L -1 and 97 -102% at 40.0 μg L -1 . Moreover, the RSD values obtained were surprisingly lower than 15% at all levels; also, the LODs and LOQs calculated in blank extracts as the lowest analyte concentration that yielded a signal-to-noise (S/N) ratio of 3 and 10 were in the range of 0.01 -0.1 and 0.04 -0.3 μg L -1 , respectively, which were much lower in comparison with other QqQ studies. 20 This phenomenon was also observed in the cases of other kinds of water samples, i.e., water before and after the water treatment plant (WTP); the results were given in Fig. 3 .
Application to the analysis of real samples
Fifteen real water samples were analyzed with the developed method, while performing several internal quality controls in order to guarantee that the measurement process was under statistical control. Each batch of samples was processed together with a matrix blank that was obtained with a blank sample. The matrix blank eliminated any false positive as a result of contamination in the extraction process, instrument or chemicals. A reagent blank was obtained by performing the whole process without sample. This sample eliminated possible false positives produced by contamination in the instrument or solvent used. A blank extract spiked at the third calibration level (2.0 μg L -1 ) permitted was to control the extraction efficiency, as well as the recoveries and RSDs of PCBs from spiked water both before and after the WTP. Also, commercial drinking water samples were summarized in Table 3 . Calibration curves (c) were prepared daily, obtaining determination coefficients of >0.999. The results showed that the presence of PCB118 in two of the fifteen collected samples with concentrations below 0.253 μg L -1 , and other 10 PCBs were not found in the analyzed samples (Fig. 4) .
Conclusions
In this work, the potentiality of GC-QqQ-MS/MS in the quantification and confirmation of PCBs in water samples at trace levels had been demonstrated. The obtained results were proof of the capability of QqQ-MS/MS in the analysis of trace PCBs in water samples. The instrumental analysis of the target compounds was carried out in a single run for less than 11.0 min, which contributed to reduce the whole analysis time. The simple and fast QuEChERS procedure is able to perform the simultaneous extraction and cleanup of water samples. QuEChERS has been shown to be a suitable methodology in the analysis of water. A remarkable advantage of this acquisition method configuration was that the quantification and confirmation of the identity of detected PCBs could be done upon a single injection of any sample extract. The recoveries of the method ranged between 90 and 109% with associated relative standard deviations of between 6 and 15% for all 11 PCBs. It was also of relevance that high sensitivity and selectivity was shown by the QqQ analyzer for the PCBs studied, providing in cases LODs and LOQs at the ng L -1 level. 
